INTRODUCTION
Coffee is an economically important worldwide agricultural crop produced in over 45 countries. Colombia is the third largest producer and exporter of coffee beans, which represents the most important agricultural commodity of the economy, with approximately 11.5 million 60 kg bags produced from approximately 877 712 ha of cultivated land (Federació n Nacional de Cafeteros, 2009 ). In the coffee plantations of Colombia, the coffee berry borer (CBB), Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae), is the main insect pest responsible for millions of dollars of crops losses mostly due to the fall of immature berries, loss of bean weight and loss of drink quality resulting from the insect's activities (Duque & Baker, 2003) . From a pest control viewpoint, the insect can almost be considered as an internal parasite of the plant since as part of its life cycle it develops inside the coffee fruit (bean), which makes it particularly difficult to control. The emergence of chemically resistant insects as well as the desire to decrease reliance upon chemical pesticides in favour of more eco-friendly and organic-production-compatible methods have led to the investigation of alternative biologically based control strategies, one of which is the use of the entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin, which is actively being examined as a biological agent to control these insects (Jackson et al., 2010; Fan et al., 2012) . Indeed, in the Colombian coffee ecosystem, this fungus is a natural controller of H. hampei (Gó ngora et al., 2009) . Furthermore, there are no known diseases of H. hampei caused by either bacteria or viruses.
B. bassiana is a broad-host-range insect pathogen that has been approved by the Environment Protection Agency [EPA (USA)] for use as an insect pest biological control agent and is available from various commercial companies worldwide. B. bassiana and its insect target host have also gathered interest as a unique model system for examining host-pathogen interactions Wanchoo et al., 2009) . In this regard, studies on spore adhesion, nutrient uptake and the mechanisms of the maintenance and evolution of insect virulence have been conducted (Bidochka et al., 2010; Zhang et al., 2011a, b) . As a broadhost-range pathogen infection of target insects by B. bassiana begins with conidial adhesion to the surface of the insect cuticle without the requirement for any specialized route of entry (Holder & Keyhani, 2005; Holder et al., 2007; Hajek & St Leger, 1994) . Depending upon nutrient availability, the conidia will germinate, elaborating a germ tube that couples mechanical pressure to the secretion of a host of cuticle-degrading enzymes in order to penetrate the host cuticle (Cho et al., 2006a) . Several genes involved in insect cuticle degradation and signaling in response to host cues have also been described, although much remains unknown concerning the molecular basis of entomopathogenicity. Furthermore, despite their potential, field applications of fungal pathogens of plants and insect pests have not met expectations, primarily due to a variety of factors which include the slow rate of target insect killing, which can take from 3 to 10 days, the requirement for application of high spore doses and inconsistent field results Gressel, 2007) . In recent years, much progress has been made in improved formulation technologies which, when coupled to knowledge concerning the biology of the target insect, have made entomopathogenic fungi attractive components of integrated pest management practices. However, important obstacles remain, likely to be exacerbated by our incomplete understanding of the biological and genetic factors that make fungi effective pathogens. Several B. bassiana expressed sequence tag (EST) libraries have been described; however, these have been constructed using in vitro-propagated cells, and to date there have been no large-scale transcriptome analyses of B. bassiana grown on insect cuticles.
Currently, an endogenous Colombian isolate (Bb 9205) has demonstrated promising virulence towards H. hampei (Gó ngora et al., 2009) . In laboratory tests, this strain at concentrations of 1610 6 conidia ml 21 caused approximately 90 % mortality to H. hampei, while in assays performed in the field, it has been shown to cause up to 60 % mortality of the target insect with a dose of 2610 7 conidia per tree branch (Cárdenas et al., 2007) .
In order to better understand the fungal process of insect pathogenicity, including potentially finding gene candidates whose manipulation could ultimately lead to more effective insect biological control agents, we sought to characterize the gene expression profiles of fungal cells grown on cuticular extracts of H. hampei. Two cDNA libraries, one representing conidia germinating on H. hampei cuticle and the other hyphae and mycelia growing on H. hampei were constructed and analysed. These data were also compared with an existing B. bassiana EST dataset derived from fungal cells grown on chitin, the major polysaccharide constituent of insect cuticle (Cho et al., 2006b) . After assembly a set of 2578 unique EST sequences were isolated from the two cDNA libraries of which 1980 had not been previously described in the B. bassiana-chitin-grown EST collection. These data expand the gene expression profiling of B. bassiana, yielding new insights into the range of gene expression responses (transcriptome) and adaptations by the fungus to host insect cuticle.
METHODS
Cultivation of the fungus. B. bassiana strain Bb 9205 was routinely cultivated on potato dextrose agar media (PDA) and incubated at 26 uC for 15-20 days for isolation of aerial conidia (spores). Spores were collected from plates that displayed greater than 95 % germination by scraping of the cells into sterile distilled water. The final spore concentrations of conidial suspensions were determined by direct count using a haemocytometer. For the conidial germination on CBB library, conidia (6.5610 8 cells ml 21 , final concentration), were inoculated into 20 ml mm-Hh, which consisted of autoclaved minimal media (0.1 % KH 2 PO 4 , 0.05 % MgSO 4 , 50 % tap water, 50 % distilled water) containing 10 % intact H. hampei insects. The inoculated culture was incubated at 26 uC, with aeration (100 r.p.m.), for 24 h before being harvested by filtration. It has been previously determined that autoclaving of this medium completely destroys the insect RNA, ensuring that the collected RNA corresponds to the fungus.
For cultivation of the cells to be used in the construction of the second cDNA library (insect-extract-induced mycelia) conidia (6.5610 8 conidia ml 21 ) were inoculated into 150 ml Sabouraud dextrose broth (SDB) medium plus 1 % yeast extract and incubated at 26 uC, 100 r.p.m., for 36 h. The mycelia were then filtered using sterile Whatman paper and washed once with distilled sterile water and weighed. A 1 g sample of the mycelia was then incubated for 4 h in 20 ml mm-Hh at 26 uC, 100 r.p.m. as previously described (Freimoser et al., 2003a) .
Construction, characterization and sequencing of the cDNA libraries. The fungal cultures were filtered using sterile Whatman paper to remove the media and were washed with distilled sterile water. Harvested cells were lysed by grinding in liquid nitrogen, and total RNA was extracted using the RNAgent total RNA isolation system (Promega). Partially purified mRNA was recovered from the total RNA pool using the PolyATract mRNA isolation system (Promega). The quality and concentration of the total RNA and mRNA preparations were determined by measuring the absorbance ratio at 260 and 280 nm and by agarose gel electrophoresis. The cDNA libraries were constructed using the Creator SMART cDNA library construction kit (Clontech) according to the manufacturer's instructions. Colonies picked for sequencing (2304 per library) were IP: 54.70.40.11
On: Thu, 03 Jan 2019 11:53:04 derived from primary clones. Sequencing of the clones was performed at Rexagen (Seattle, WA, USA).
Sequence analysis. The sequence chromatograms were processed by Phred using quality values .20. Lucy and Seqclean software (TIGR) were used to identify low-quality nucleotides at the ends of sequences, rRNA and contaminating sequences, and sequences shorter than 100 bp. Edited sequences were grouped using TGI.CL software (TIGR) with all possible orders of similarity between them using the MEGA BLAST algorithm (Zhang et al., 2000) . EST sequence clustering, assembly and generation of consensus sequences was performed using CAP3 (Iowa State University) using the following parameters: minimum of 50 complementary base pairs, 95 % identity in the pairings and a maximum of 20 non-complementary base pairs. Sequences that did not cluster with any others were designated singletons. Each of the generated unique gene sequences, contigs and singletons were downloaded to the Cenicafe database with an assigned accession number. The annotations of the unique gene sequences were obtained using BLASTX (NCBI) a cut-off Expectvalue of 1610 23 queried against the nr protein database (February 2012) . BLAST searches were also performed against the protein sequence dataset from Cordyceps militaris Pm36 & 51574 [GenBank accession no. PRJNA43395 (Cm)] and Neurospora crassa OR74A [GenBank accession no. PRJNA62203 (Nc)]. BLAST results were mapped to gene ontology terms using the Blast2GO tool (Conesa et al., 2005) , with an Expect-value cut-off of 1610
26 . Annotation results were organized in three datasets: conidia germinated on insect cuticle library, mycelia insect-cuticle-induced library and ESTs expressed in both libraries. The number of times each EST was found in each library was also determined. In addition, for comparative purposes, a previous B. bassiana EST dataset derived from fungal cells grown under in vitro conditions in the presence of chitin was used (Cho et al., 2006b) .
qRT-PCR analysis of gene expression. Four fungal cultures were grown for RNA extraction and quantitative RT-PCR (qRT-PCR) analysis of selected genes. The culture conditions were as follows: (1) SDB, 20 ml, inoculated with 6.5610 8 conidia ml 21 and grown for 24 h at 26 uC with aeration before harvesting; (2) mm-Hh, 20 ml, inoculated and grown as in (1); (3) SDB, 20 ml, inoculated with 1 g mycelia harvested from SDB media and induced for 4 h at 26 uC with aeration; and (4) mm-Hg, 20 ml, inoculated and grown as in (3). The four fungal cultures were filtered using sterile Whatman paper to remove the media and were washed with distilled sterile water. Total RNA extraction was performed using the RNeasy plant mini kit (Qiagen). Samples were treated with RNase-free DNase I (Qiagen). RNA integrity and purity were evaluated using agarose gel electrophoresis and a Nanodrop 2000c (Thermo Scientific). For qRT-PCR analysis, first-strand cDNA synthesis was performed using oligo(dT) primers and the Omniscript kit (Qiagen). Total RNA (200 ng) was used as the template in a 20 ml reaction mixture. qRT-PCR analysis of the cDNA samples was performed using a SYBR Green PCR (Qiagen). Gene-specific primers were designed (Primer3-plus; Untergasser et al., 2007) using a stringent set of criteria; predicted melting temperature 55-60 uC, primer length 19-23 nt, guanine-cytosine contents 40-60 % and PCR amplicon lengths 150-200 bp. Primer sequences (all 59-39) were as follows: (1) alkaline serine protease was amplified with the primers PR1F: CGCTG-TCGTAGATGTAGT and PR1R: ATTGGTAGCTTCAACGGTTA, (2) cyclophilin, primers CicloF: TGCACAACATTACCCCGCACC and CicloR: TTGGGAACAACGTCCTTGCGG, (3) peptidyl-prolyl cistrans isomerase-rapamycin binding protein, RapF: ACCCAGAT-GCAGGTTGGCGA and RapR: TCGGGAGTTCTTGTGGCGCA, (4) mitogen-activated protein kinase MAPK1F: TCTTGCCAGATCCG-CCGCTT and MAPK1R: TTCCATGGTGGGGGTGCCAA. Primers were validated for single-product formation before use. PCRs were performed using a CFX96 Detection System (Bio-Rad), using the following conditions: 95 uC for 10 min, followed by 40 cycles of 95 uC for 15 s, 55-60 uC for 30 s and 72 uC for 30 s. Melting curve analyses were performed for each run from 66 to 95 uC, with data captured every 0.2 uC during a 1 s hold. Data were analysed using the CFX Manager version 1.6.541.1028. Transcript quantification for each gene was performed using at least three independent technical replicates. For normalization, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene from B. bassiana (NCBI accession no. AY679162.1) was used. Primers for amplification of the GAPDH gene were as follows: GADPH_F: ATAAGGTCCAGGACACGGCG and GADPH_R: TGAGAAGGGTGCCAGCTACG, resulting in the amplification of a 237 bp region of the gene. Transcript abundance was calculated using the standard curve base method (Larionov et al., 2005) . A standard curve was derived from serial dilutions (23.2 slope) for all genes examined.
RESULTS
Characterization of the insect-cuticle-induced B. bassiana EST database Two EST libraries were constructed from B. bassiana cells grown in the presence of the CBB H. hampei using intact dead insects. The first represented an early time point in the infection process in which fungal conidia had germinated in the presence of the insect cadaver, whereas the second represents a more heterogeneous mixture of hyphae and mycelia first grown in rich broth (SDB) and then subsequently grown (induced) in the presence of the insect. The libraries displayed a recombination frequency of~100 %, with the number of primary clones equal to 5.27610 9 c.f.u. ml 21 and 3.7610 10 c.f.u. ml 21 in the germinated conidia and induced mycelia libraries, respectively. In total, 59-end sequences were obtained for 4186 cDNA clones, and an analysis of the total number of valid ESTs, the average length of the sequenced clones, the assembly of the ESTs into clusters of ESTs that shared sequence identity and were therefore considered to represent transcripts of the same gene (contigs), the number of ESTs that did not assemble with any other sequences (singlets), the total number of unique sequences annotated and the overall diversity index of each library were determined and are listed in Table 1 . A total of 1271 out of 2141 and 1305 out of 2045 unique sequences were obtained for the insect-cuticle-germinated conidia and insect-cuticle-induced mycelia libraries, respectively.
The BLASTX and gene ontology analysis allowed the annotation of 51 % of the sequences from the insectcuticle-germinated conidia and 51 % of those from the insect-cuticle-induced mycelia libraries. In both libraries another 30 % of the sequences correspond to unknown or low-quality hits and 20 % are hypothetical or predicted proteins.
Between the cuticle-germinated conidia and the cuticlegrown mycelia libraries, 322 unique genes were shared, of which 290 (91 %) could be annotated. A total of 214 contigs (67 %) could be assigned a preliminarily molecular function, with 17 contigs displaying homology to hypothetical proteins, five contigs corresponding to predicted proteins and 30 contigs (9 %) displaying no significant hits. Annotated transcripts shared by the two libraries and their best respective BLAST hits are listed in Table 2 .
Many of the highly expressed ESTs represent novel genes
The frequency of unique sequences generated for the insect-cuticle-germinated conidia and insect cuticle induced mycelia libraries were similar at 75 %. An analysis of the 10 most highly represented contigs, i.e. contigs comprising and assembled from the highest number of ESTs, for each library as well as those shared between the two libraries was performed (Table 3) . In each case, around 20 % of the highly expressed transcripts displayed no significant BLAST hits and another 20 % displayed matches to hypothetical proteins. Amongst the top ten highly expressed transcripts shared by both the conidial and mycelia insect-cuticle-derived libraries, 50 % of the ESTs could be annotated. These included contigs corresponding to a heat-shock protein, sucrose and pantothenate transporters, an oleate-induced peroxisomal protein and an antisense transcript to a rRNA protein. Six highly expressed transcripts derived from the insect-cuticle-germinated conidial library could be assigned. Two of these, the phospholipase A2 and the secreted lipase may be involved in insect cuticle degradation. Approximately 78 % of the highly expressed transcripts found in the insect-cuticleinduced mycelia library could be annotated. Not too surprisingly, the best matches to the B. bassiana transcripts were found to sequences in the genome databases of Cordyceps militaris and Metarhizium sp.
Unique transcripts expressed by B. bassiana conidia germinating in H. hampei insect cuticle
Analysis of the EST collection derived from (1) conidia germinating in the presence of H. hampei insect cuticle, (2) mycelia growing in the presence of H. hampei insect cuticle and (3) a previously reported B. bassiana EST dataset derived from mycelia growing in the presence of chitin (Cho et al., 2006b) , the major polysaccharide constituent of insect cuticles, was performed ( Fig. 1) . Of 1271 transcripts generated from the insect-cuticle-germinated conidial Transcript analysis of B. bassiana infecting H. hampei Of 1305 transcripts generated from the hyphae/mycelia insect-cuticle-induced library, 983 (75 %) ESTs were assigned uniquely to this library, 322 (24 %) were found to be shared with the insect-cuticle-germinated conidia library and 176 (13 %) were shared with the B. bassiana chitin-grown library. NCBI BLAST analysis of the 983 unique contigs derived from the library resulted in 639 contigs (65 %) that could be annotated, with 455 contigs (46 %) assigned molecular functions (Fig. 3) , 178 contigs Transcript analysis of B. bassiana infecting H. hampei (18 %) displaying homology to hypothetical proteins in the database, six contigs (1 %) displaying homology to predicted proteins and 344 contigs (35 %) with no significant hits. Within the 455 ESTs that could be functionally annotated, binding and structural proteins again dominated; however transferases, kinases, oxidoreductases and ligases were also prevalent. Nine unique transcription factors as well as five unique translation factors were also identified.
The common set of transcripts: analysis of shared transcripts
Comparative analyses revealed 88 contigs shared between all three libraries examined (i.e. the two libraries reported in this paper and a previously described B. bassiana EST dataset, Fig. 1 ). Comparisons of sets of transcripts indicated that 234 contigs were shared by the H. hampei libraries but not found in the B. bassiana chitin-grown library, 98 contigs were shared by the H. hampei germinating conidia and chitin libraries (but not found in the H. hampei-induced hyphae/mycelia library) and 88 contigs shared by the H. hampei hyphae/mycelia and chitin-grown libraries (but not found in the H. hampei germinating conidia library). The annotation of all 88 shared contigs with known function is presented in Table  4 . The 98 contigs shared by the H. hampei germinating conidia and chitin libraries and the 88 contigs shared by the H. hampei hyphae/mycelia and chitin libraries were also annotated (data not shown). Notably, the overlapping set between all three libraries contained four potential reactive oxygen species (ROS) stress-response enzymes (two peroxide catalases and two dehydrogenases) and a range of proteases including several subtilisin proteases and hydrolases.
Quantification of gene expression profiles
qRT-PCR was used to measure the gene expression profiles of selected genes in order to validate potential upregulation of specific genes under the insect cuticle growth conditions 1  1  1  1  1  2  2  2  2  2  2  2  2  2  2  2  3  4  4  5  5  5  5  6  7  7  8  9  9  11  12  12  14  16  20  21  22 Transcript analysis of B. bassiana infecting H. hampei examined. The expression of four genes, cyclophilin A (CEN436654), peptidyl-prolyl cis-trans isomerase-rapamycin-binding protein (FKBP12) (CEN436735), an alkaline serine protease (CEN437042) and a mitogen-activated protein kinase (MAPK) (CEN438054) were determined (Fig. 4) . The cyclophilin and FKBP12 transcripts were found in both the conidial and mycelial insect-cuticlegrown libraries, whereas alkaline serine protease was in the conidial library and the MAPK had been found in the mycelial library. All qRT-PCR experiments were normalized to GAPDH expression as described in Methods. Expression of the protease gene was elevated during conidial germination on H. hampei extracts, but not during the mycelia growth phase (even in the presence of H. hampei extracts). Cyclophilin expression was increased slightly (although statistically significantly, P,0.01, it is unclear as to whether this would be biologically significant) during conidial germination on H. hampei extracts as compared with conidial germination in SDB, but not when compared with mycelial growth in SDB. Cyclophilin expression also appeared to be repressed during mycelial growth on H. hampei extracts. Expression of the rapamycin binding protein was also repressed during growth on H. hampei extracts when compared with the corresponding growth stages (either conidial germination or mycelia growth). In contrast, expression of the MAPK gene was elevated during conidial germination on H. hampei extracts but repressed during mycelial growth on H. hampei extracts, whereas expression of the rapamycin binding protein was reduced during conidial germination on the insect cuticle, but similar under the other three conditions examined.
DISCUSSION
As more ecologically compatible agents, entomopathogenic fungi have the potential to control insect populations, thus decreasing reliance on chemical pesticides. These fungi also offer a means of insect control that can Transcript analysis of B. bassiana infecting H. hampei take into account global warming and climate change issues that are affecting the range and distribution of insect pests. Coffee is an economically important crop worldwide, but in particular in developing nations, and is predicted to be severely affected by climate change. In particular, the thermal tolerance profile of the CBB H. hampei is likely to lead to increased range and infestation of cultivated areas susceptible to this insect pest (Jaramillo et al., 2009) . The entomopathogenic fungus B. bassiana is actively being used in coffee plantation in Colombia for the control of H. hampei as part of integrated pest management strategies, with some success. However, further knowledge concerning the process of fungal virulence and the H. hampei-B. bassiana host-pathogen interaction, is critical in developing strategies for the more effective use of the fungal agent in controlling the insect. Knowledge concerning the genes expressed during infection can ultimately be used for rational design strategies for better application of the fungus. Previous 'transcriptome' analyses of B. bassiana have examined in vitro cell types, e.g. aerial conidia and blastospores, or fungal cells grown on model substrates, i.e. on chitin, the major polysaccharide constituent of the insect cuticle (Cho et al., 2006a, b) . Here we have examined the gene expression profile via EST analysis of fungal cells growing on a specific insect cuticle, namely H. hampei.
The analysis of the two insect-derived libraries, namely germinating conidia and growing hyphae/mycelia on H. hampei, constructed and analysed in this report has revealed the expression of a host of genes not previously reported. This dataset can now be used for expression mining in order to uncover the molecular details underlying the insect parasitic life cycle of B. bassiana. With respect to the comparative analyses performed between the libraries, our data showed that 322 unique genes were shared between the two libraries reported here and there were also genes shared with a previously reported B. bassiana EST dataset. Of these shared sequences, 67 % could be assigned putative functions. The EST dataset of genes non-overlapping between the two new libraries described here, i.e. 951 unique cuticle-germinated conidial genes and 985 unique cuticle-grown mycelia genes, indicated a robust diversity of new ESTs that greatly expands the transcriptomics of this fungus. Of these ESTs, 45 % could be assigned a function.
Analysis of the two constructed libraries revealed a diversity of gene products that includes not only putative cuticle-degrading enzymes but also other factors, including potential signal transduction pathways that may receive physical and chemical signals from the host, resulting in metabolic and morphogenetic changes needed for targeting the host. These include metabolic kinases (glucokinase and histidine kinase), detoxification enzymes (metalloproteases, superoxide dismutase and Mn-superoxide dismutase) and other metabolic components from the nitrogen pathway (carbamoyl-phosphate synthetase and arginosuccinate lyase) as well as previously identified virulence factors such as subtilisin-like serine proteases (Bidochka & Khachatourians, 1992; St Leger, 1993) . (Viaud et al., 2003) . Cyclophilin-deficient mutants (Dcyp1) of the phytopathogenic fungus Magnaporthe grisea are defective in the initiation of plant infection and in the development of appressoria (Viaud et al., 2002) . In the phytopathogen Botrytis cinerea cyclophilin and the phosphatase calcineurin have been shown to be determinants of virulence, (Viaud et al., 2003) . In the human pathogenic fungus Cryptococcus neoformans cyclophilins have also been reported to be determinants of virulence (Wang et al., 2001) . Rapamycinbinding proteins interact with membranes and they are involved in virulence of several microbial pathogens (Meng et al., 2011) . Intriguingly, the rapamycin-binding protein, although belonging to a distinct family of isomerases (Dugave, 2006; Fischer, 2006) , appears to perform a similar physiological function to cyclophilin. Expression analyses of these genes indicated elevated cyclophilin expression in the conidial insect-cuticle-germinated library as compared with the mycelial insect-cuticle-induced library, with the reverse seen for the rapamycin binding protein. The fact that B. bassiana appears to express (partially) redundant systems for stress response highlights the potential importance of such pathways in virulence. Expression analysis of a MAPK gene revealed it to be elevated in the conidial insect-cuticle-germinated library. Orthologues of this MAPK have been shown to be involved in the induction of infectious structures and invasive growth in the plant pathogen M. grisea (Xu, 2000; Xu & Hamer, 1996) and in B. bassiana this gene has been implicated in mediating stress responses as well as attachment to insect cuticle and appressorium formation (Zhang et al., 2009 ).
In B. bassiana, the infectious propagules (conidia) first attach to the insect cuticle then elaborate a germ tube that begins the process of growing on the surface and penetrating the cuticle of the host. A host of hydrolases, including proteases, lipases/esterases and monooxygenases, as well as numerous transporters, presumably used for nutrient uptake, possibly of the products of the hydrolases, were found in the EST collection. One hydrolase EST displayed high homology to an extracellular alkaline serine protease (hasp), which is an endopeptidase, reported from the nematophagous fungus Hirsutella rhossiliensis, and is considered to be involved in disrupting proteins crosslinked as part of the cuticles of nematodes (Wang et al., 2009 ). This alkaline protease may act in conjunction with other proteases such as the serine proteases, also found in our EST collection, involved in the degradation of insect cuticles (Bagga et al., 2004) . Examination of the expression pattern of at least one such subtilisin-like protein, the alkaline serine protease, revealed it to be induced in the conidial insect-cuticle-germinated library as compared with the other conditions examined. Proteins involved in mediating stress responses including chaperones and catalase/peroxidases and superoxide dismutases were also prevalent.
Similar to other filamentous fungi, hyphal growth occurs in the apical regions in which the majority of the machinery involved is transported to specific sites by vesicles produced in the Golgi (Yarden, 2004) . The required enzymes and other components for growth are packed in vesicles and microvesicles that are then transported to and fused with the growing apical cellular membrane (Ruiz-Herrera et al., 2004) . Several transcripts were found in the EST libraries described in this report that are involved in this function. These include SAR1, which regulates the transport of vesicles between the endoplasmic reticulum and the Golgi, a critical process for the continual supply of vesicles to the apical zones of growth (Pasqualato et al., 2002) , chitin synthase, a critical enzyme needed for cell wall biosynthesis (Sietsma et al., 1996) and a cell wall protein that has been shown to couple structural and catabolic functions to development, morphogenesis and adhesion of Candida albicans to its human host (Calderone & Fonzi, 2001) . Not too surprisingly, the b-tubulin gene was also identified; however, this protein performs diverse tasks in cytoskeletal organization and motility, including facilitating displacement of secretory vesicles throughout the cell. Microtubules are also involved in morphological differentiation during events of cytoskeletal reorganization and have been reported to be involved in fungal adaptation to environmental conditions needed to sustain infection (San-Blas & Niño Vega, 2004) .
Additional genes identified that may be important for the development of the fungus on and/or inside the host include protein phosphatase 2A and casein kinase II alpha chain. Protein phosphatase 2A has been reported in Aspergillus nidulans to be involved in morphogenesis and hyphal development (Kosmidou et al., 2001) . Similarly, the serine/threonine kinase catalytic domains of casein kinase II alpha chain have also been implicated in hyphal elongation and branching in Neurospora crassa (Yarden, 2004) . Both of these proteins may contribute to hyphal growth in post-penetration events. Another EST was identified with high similarity to farnesyl pyrophosphate synthetase, an enzyme that catalyses the synthesis of farnesyl pyrophosphate, the latter a precursor of trichothecenes, a group of toxic fungal secondary metabolites (Cary, 2004) . Such secondary metabolites are often not required for growth, but may contribute to virulence or host specificity and/or act as molecules that limit competition from other microbes (Keller & Hohn, 1997) .
Comparative analyses between the libraries indicated a small overlapping core set of transcripts with important sets of transcripts unique to each library. In the B. bassiana conidia germinating on H. hampei non-overlapping (unique) EST dataset, it is of particular note that the hydrolase, peptidase, phosphatase and lyase categories were well represented and contained numerous enzymes that may function in the degradation of specific cuticle substrates. Oxidoreductases and monooxygenases (i.e. 4-hydroxyphenylpyruvate dioxygenase, copper amine oxidase, choline dehydrogenase and related flavoproteins, multifunctional beta-oxidation protein, NAD-dependent formate dehydrogenase and D-galacturonic acid reductase), as well as membrane transporters, many of which are involved in nutrient acquisition, were also identified. A trehalase, potentially important in utilization of the trehalose found in insect haemolymph, and several catalase and antioxidant proteins were identified that may participate in protecting against stress and/or insect defences. In the B. bassiana mycelia growing on H. hampei dataset, unique ESTs corresponding to hydrolases, peptidases, esterases, lipases and other similar enzymes were abundant but not as diverse as seen in the insect-cuticle-germinated conidial library. Transporters (22 unique contigs) were also highly represented and, intriguingly, nine transcription factors (as opposed to three unique ones in the conidial insect-cuticle-germinated library) were found in the mycelial insect-cuticle-induced library. Other unique contigs included two esterases, a monooxygenase, a lipase and a glucanase that may be important for hyphal development on the insect host. Overall, the two libraries also contained several unique transcription and translation factors that may provide candidates for examining the regulators mediating transcriptional responses to the distinct growth conditions represented by each dataset. However, some caution should be taken in any interpretations, as an EST approach as described in this paper cannot be considered equivalent to an expression analysis and validation of each gene on an individual basis is needed.
A number of EST projects examining other entomopathogenic fungi such as Metarhizium anisopliae and Conidiobolus coronatus have been reported (Freimoser et al., 2003a, b) . Analyses of C. coronatus grown on insect cuticle substrates revealed the expression of enzymes involved in energy metabolism and stress response, as well as various antioxidants and insect-toxic enzymes and genes implicated in the infection process. Expression of such genes involved in general metabolic pathways coupled to antioxidants and host-targeting enzymes appeared similar among B. bassiana and C. coronatus. Among the genes expressed in C. coronatus are the antioxidants c-glutamylcysteine synthetase and gluthatione reductase, subtilisin type hydrolases including metalloprotease, trypsin protease and aspartyl protease and antimicrobials similar to cytochrome p450 of tobacco and cephalosporin (Freimoser et al., 2003b) . As indicated from our EST analysis some similar metabolic pathways are also present in B. bassiana. Overall our data show the robustness of the gene expression profile of B. bassiana in response to insect cuticles, revealing a wide range of transcripts not identified under previously reported in vitro growth conditions. Although around 50 % of the sequences we report correspond to hypothetical and/or unknown (i.e. currently unannotated) genes, our analysis did allow for the identification of previously known as well as novel genes potentially related to the insect virulence/growth lifestyle process of B. bassiana. We also identified genes not previously reported to be potentially involved in insect virulence in entomopathogenic fungi, i.e. cyclophilin and rapamycin-binding protein, amongst others, although these have been reported to be involved in fungal-plant interaction and virulence. As an emerging model system with which to examine host-pathogen interactions, these data lay the groundwork, i.e. identify candidates, for future experiments regarding the roles of specific genes in the infection process using combinations of gene expression, targeted gene knockouts, gene silencing and/or overexpression approaches Zhang et al., 2010) .
Knowledge derived from the present EST dataset coupled to examinations of their regulation and levels of expression can be use for developing enhanced B. bassiana strains for use in biological control applications against H. hampei. For example, if specific pathways are upregulated during infection of H. hampei, strains downregulating or overexpressing these genes may be more virulent towards the intended target. Candidates mediating unique transcriptional switches and secondary metabolite production that merit further examination were also identified. It has been shown, for instance, that overexpression of the M. anisopliae protease, PR1C, can increase virulence (St Leger et al., 1996) , thus overexpression of the B. bassiana alkaline serine protease or cyclophilin genes may have similar effects. In addition this information can also be used to screen for strains expressing higher levels of candidate genes as markers for more virulent isolates.
